Introduction
Exacerbations are a significant cause of morbidity in chronic obstructive pulmonary disease (COPD). The course of the disease is characterized by episodes of exacerbation with seasonal variation, defined as events during the natural progress of the disease featuring aggravation of the symptoms that often require a change in the patient's regular treatment. 1 The most frequent causes of acute exacerbations of COPD (AECOPD) are respiratory infections and atmospheric pollution; however, in around one-third of cases the causes are not identified. 1 AECOPD can have significant health implications for the patient, such as acceleration of the decline of lung function, deterioration in the quality of life, and increased mortality. [2] [3] [4] It has been shown that patients with frequent exacerbations have significant airway and systemic inflammation even during the stable phase of the disease. 5, 6 Exacerbations in more severe disease frequently require hospitalization, with more than 30% of patients experiencing frequent relapses, requiring repeated readmissions to hospital. Indeed, much of the morbidity and mortality in COPD relates to exacerbations. 7 Patients who present with frequent relapses in the 2 months following an initial exacerbation after 14 days of treatment have been shown to have significantly higher levels of biomarkers for systemic inflammation, such as C-reactive protein (CRP). 8 Exacerbations in more severe disease requiring hospitalization cause considerably distress to the patient and also account for a large proportion of the health care expenditure on the treatment of COPD. 9 This has led to a search for strategies to prevent exacerbations and to hasten their resolution when they do occur.
Mucolytics, as adjunctive treatment for both stable and exacerbated COPD, have been used to improve disease outcome, but their precise place in therapy is still under debate.
10 Erdosteine (ER) has been approved for the treatment of acute and chronic pulmonary diseases for over 10 years and has been shown to be effective in the treatment of stable and exacerbated chronic bronchitis (CB) and COPD. ER is a prothiol agent with a multifactorial mechanism of action via the presence of free SH groups following metabolization. In experimental studies, it has shown mucolytic activity and inhibition of bacterial adhesiveness to respiratory mucosa; antioxidant activity both in vitro and in vivo; and antioxidant/ anti-inflammatory activity in stable COPD. [11] [12] [13] [14] [15] The objective of this study was to evaluate the effects of ER on systemic inflammation in patients with AECOPD, assessed by changes in levels of serum CRP (a marker of systemic inflammation). In addition, the study evaluated whether the anti-inflammatory effects of ER were associated with clinical efficacy in terms of resolution of symptoms, improvements in pulmonary function, and reduced risk of and time to recurrence of exacerbations.
Materials and methods

Study design
This was a prospective, randomized, controlled, singleblind study conducted from October 2012 at the Respiratory Unit of Massa-Carrara General Hospital, Massa-Carrara, Italy. The study was carried out in accordance with Good Clinical Practice guidelines and conformed with the Declaration of Helsinki 1964, as currently amended. The protocol was approved by the local ethics committee, and all patients gave written informed consent to participate in the study.
Patients
From October 2012 to May 2013, male and female patients (aged between 38 and 75 years) admitted to the Respiratory Unit of Massa-Carrara General Hospital, Massa-Carrara, Italy with an acute exacerbation of COPD, fever, cough, and purulent sputum in the previous 24 hours were eligible for enrollment in the study. Patients were excluded if they had any of the following: pneumonia, acute heart failure, bronchiectasis, asthma (as the primary diagnosis), acute respiratory acidosis needing noninvasive ventilation, AECOPD treated with antibiotics or systemic corticosteroids in the previous 4 weeks, or any other medical or personal problems that in the opinion of the investigator would interfere with the conduct of the study. All patients were vaccinated against seasonal influenza.
Treatment
Patients were randomized to receive either oral ER 300 mg tid for 10 days (kindly provided by Edmond Pharma Srl, Paderno Dugnano, Italy) in combination with standard therapy for AECOPD according to our hospital's current guidelines or standard therapy alone.
Standard treatment for AECOPD at our hospital was Methylprednisolone 80 mg for 3 days, gradually tapered on day 10, and nebulized salbutamol 5 mg plus ipratropium 0.5 mg four times daily. Intravenous cephalosporin was initially prescribed as all patients had increased sputum volume and purulence, but it was later changed according to the results of the sputum antibiograms. Treatment was continued for 10 days until discharge from hospital. On discharge, patients continued to receive standard treatment with inhaled corticosteroids, long-acting β 2 -agonists, and anticholinergics.
Outcome measures
The primary endpoint was serum CRP levels as a measure of systemic inflammation during AECOPD and was measured on admission and at days 10 and 30. CRP was measured using a high-sensitivity CRP assay (Beckman Coulter Diagnostics, Brea, CA, USA).
Secondary clinical endpoints included lung function and respiratory symptoms (measured on admission and at days 10 and 30 at the same time each day in the morning and at least 2 hours after inhaled bronchodilators). Spirometry was performed according to European Respiratory Society criteria, while intensity of respiratory symptoms was assessed using the breathlessness-sputum-cough scale (BCS). 16, 17 Relapse of AECOPD and time to first exacerbation in the first 2 months after discharge were assessed by telephone 
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Erdosteine reduces acute exacerbations of COPD follow-up. Exacerbations, defined according to Anthonisen criteria, were assessed if changes in therapy with antibiotics and/or oral steroids were required. 18 
Power calculation
The number of subjects required was estimated using changes in CRP levels. Using differences in CRP levels, it is possible to differentiate between patients "with frequent relapses" and "nonrelapsing" patients. 8 The percentage difference between these two groups, in terms of variations of CRP during an exacerbation was approximately 35% (day 10), which can therefore be considered a clinically significant value. Based on these data, it was estimated that 20 patients per group were required to demonstrate a 35% difference (standard deviation 38%), with α=0.05 (two digits) and a power of 80%.
statistical analysis
All clinical variables were analyzed as changes from baseline values using paired samples t-test. Analysis of variance was used to compare the two treatment groups, while χ 2 test was used to compare the difference in percentages between groups. We constructed Kaplan-Meier curves of the probability of exacerbation-free status. Time-to-event analyses were performed with the use of the log-rank test. Cox regression analysis was used to estimate hazard ratios with 95% confidence interval (CI) for the predictors of reexacerbations (such as smoking status, age, sex, CRP, and concomitant treatment) adjusted for each other. All hypothesis tests were two sided, and P,0.05 was defined as significant. The analyses were carried out using IBM SPSS Statistics for Windows Version 20.0 (IBM Corporation, Armonk, NY, USA).
Results
A total of 40 hospitalized patients were eligible for inclusion in the study. Overall, 20 patients received ER 900 mg/d in addition to standard therapy for AECOPD, and 20 patients received standard therapy alone. Demographic and clinical characteristics of patients in the two groups (age, smoking history, lung function, arterial blood gases, BCS scale, duration and severity of COPD, and self-reported exacerbations during the 12 months before screening, comorbidities) were similar at baseline (Table 1) . Few patients reported two or more exacerbations annually (six patients in ER group and five patients in control group). Among patients reporting two or more exacerbations in the year before enrollment, only five had relapse of exacerbations in the 2-month study period.
All patients had fever and the major symptoms of AECOPD, requiring hospitalization as evidenced by high BCS scale. All patients completed the study protocol.
Mean serum CRP concentrations were significantly and progressively lower in both groups on days 10 and 30 when compared with levels on hospital admission. CRP levels in the ER and control group were significantly different on day 10, with patients receiving ER having lower levels of this inflammatory marker (P=0.003) (Figure 1 ). Mean changes in lung function and BCS score from the beginning to the end of the study were greater in patients treated with ER compared with control group, with statistically significant differences occurring at day 10 ( Table 2 ). All patients were discharged on day 10 of hospitalization after a significant reduction in serum CRP concentrations and a complete recovery from AECOPD. There were no differences between groups in the bronchodilator treatment continued at home. 
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A significantly greater percentage of patients in the control group had exacerbations at day 30 (P=0.008) and day 60 (P=0.077) after hospital discharge, compared with those in the ER group (Figure 2) . The percentage of patients with reexacerbation on day 60 was 40.0 and 15.0 in the control and ER groups, respectively. ER was associated with a 39.1% reduction of risk of exacerbation and a significant delay in time to first exacerbation. Kaplan-Meier analysis showed a different time course of exacerbations in the follow-up 2 months after discharge for the ER and control groups (log-rank test P=0.009 at day 30 and logrank test P=0.075 at day 60) (Figure 3) . ER was well tolerated, and no adverse events due to treatment were reported.
Discussion
The study shows that 10 days of treatment with ER (900 mg daily) in hospitalized patients with AECOPD was associated with a significant decrease in serum CRP concentrations, faster improvement in lung function and symptom scores, and a decrease in early relapses of AECOPD compared to the control group. Our results are in line with those of previous studies investigating the effects of ER in acute exacerbations of CB and COPD, which showed a faster clinical response in patients receiving active treatment compared to those receiving placebo. 19, 20 Clinical symptoms such as breathlessness, cough, and sputum viscosity improved more quickly in patients treated with the combination of amoxicillin and ER (600 mg/d) compared with those receiving antibiotics alone. 20 In addition, in the study reported by Ricevuti et al 19 7 days of treatment with ER (900 mg/d) together with amoxicillin significantly increased sputum antibiotic concentration and improved symptoms when compared with the group receiving antibiotic alone. There have been a number of studies investigating the effects of different mucolytics in acute exacerbations of CB/COPD. All of these studies have certain limitations concerning fully validated endpoints; further none of the products studied had consistent effects on resolution of CB/COPD exacerbations, although these drugs had proven in vitro antioxidant activity. 21, 22, 31, 32 In this study, we decided to administer high dose ER (900 mg/d) as preliminary data indicated increased clinical effects with higher dose ER. In fact, serum CRP concentrations significantly decreased in the ER and control group at days 10 and 30 compared to baseline levels, with the difference between groups significantly in favor of ER at day 10 ( Figure 1 ). 
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In general, AECOPD is accompanied with a significant increase in systemic and airway inflammation, of which CRP is a reliable marker. More specifically, CRP significantly increases at the onset of an exacerbation, and the absence of renormalization after treatment is associated with a greater frequency of relapses. 23 We contend that the significant decrease in CRP following treatment with ER is due to its antioxidant/anti-inflammatory properties, previously shown in patients with stable COPD. 15 Results of the present study demonstrate the positive effects of ER treatment in significantly reducing serum CRP -a biomarker for systemic inflammation. This is the first clinical trial to provide direct evidence of the anti-inflammatory activity of ER in AECOPD.
The study by Dal Negro et al 15 in stable COPD patients showed that 10 days of treatment with ER (900 mg/d) rapidly reduced reactive oxygen species (ROS) in peripheral blood, with a maximal effect measured after 4 days of treatment, while the effect of placebo was negligible over the entire treatment period. Furthermore, the reduction in ROS levels observed in ER-treated patients was maintained over the entire treatment period, with significant differences recorded up to day 10 of treatment. Proinflammatory cytokines specifically involved in oxidative stress in mild COPD were also altered following treatment with ER. 15 In the 30 days after hospital admission, mean CRP concentrations were significantly reduced in both groups according to the recovery from acute exacerbation, with a lower (not statistically significant) mean value in the ER group. This finding is in line with the progressive recovery from exacerbation and the discontinuation of ER after 10 days. BCS scale and lung function showed a similar trend with the rate of improvement of BCS scale and forced expiratory volume in 1 second% predicted greater in patients treated with ER compared to control, with statistically significant differences at day 10.
We consider that these clinical results are related to the multifactorial mechanism of action of ER (mucolytic, antibacterial, and antioxidant activity) via the free SH group. 12, 14, 15, 24 Relapse of AECOPD occurred in 25% of the study population in the 2 months after hospital discharge. A significantly higher percentage of patients in the control group had exacerbations, requiring antibiotics and/or steroids in the control group compared with ER group after 30 (P=0.008) and 60 days (P=0.077), respectively. These results are not related to the clinical phenotype of enrolled COPD patients since there was no difference between groups in mean number of self-reported exacerbations during the 12 months before screening. Furthermore, ER was associated with a 39.1% reduction of risk of exacerbation and a significant delay in time to first exacerbation ( Figure 3 ). Active treatment with ER had a significant impact on 60 days exacerbation rate (hazard ratio 0.169, 95% CI =0.033-0.875, P=0.034). Observational data have suggested that the risk of a second 
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Moretti and Fagnani exacerbation is higher in the period immediately after an initial exacerbation, with a UK national audit showing that 34% of 1,221 patients hospitalized for exacerbations were readmitted in the subsequent 3 months. 25 Exacerbations are not, as previously thought, random events, but tend to cluster together. 26 The persistence of elevated systemic inflammation, a probable indicator of a nonoptimal response to therapy, seems to be a predictor of such negative development. COPD patients with relapses in the 2 months following exacerbation had significantly higher levels of biomarker indicators of systemic inflammation, such as CRP, after 14 days of treatment. 8 In the present study, the risk of relapses was lower with ER, while time to first exacerbation was shorter in the control group. These data were associated with a faster decline of serum CRP concentrations with ER, significant after 10 days prior to stopping active treatment. The lower concentrations of serum CRP in the ER group compared with the control group on day 30 had a significant impact on the 60 days exacerbation rate (hazard ratio 27.5, 95% CI =4.27-176.8, P,0.001).
Conclusion
The results of our study confirm that 10 days of treatment with ER (900 mg/d) is effective in hospitalized patients with AECOPD receiving standard treatment with corticosteroids and antibiotics. ER significantly reduced serum CRP concentrations and hastened recovery of acute respiratory symptoms and lung function compared to controls. Our results demonstrate the benefits of adding ER, due to its antiinflammatory action and the potential to reduce ROS released from inflammatory cell, into the standard therapeutic regimen for AECOPD. 27, 28 These data also confirm previous positive outcomes with ER plus antibiotic in AECOPD compared with antibiotic treatment alone. 19 Importantly, the results also confirm a reduction of risk of relapse of AECOPD and prolonged time to the first exacerbation with ER compared to control group. Once again, our data are similar to those obtained with long-term ER in patients with stable COPD. ER reduced significantly the rate of exacerbation and hospitalization and improved patients' quality of life when administered for 8 months during the winter season in patients with moderate and/or severe COPD. 29 We conclude that there is good clinical evidence of the anti-inflammatory activity of ER in both acute and chronic COPD. The present study indicates that a higher dose of ER (900 mg/d) can be safely prescribed as add-on therapy in AECOPD to accelerate the clinical response.
Further, appropriately sized studies with longer follow-up should be undertaken to reinforce the present results and better define the longer term benefits of ER in patients with AECOPD.
